V accinia virus, the prototypic poxvirus, is a large DNA virus that replicates exclusively in the cytoplasm. This lack of access to the DNA replication machinery of the host necessitates that poxviruses encode the proteins required for faithful and efficient replication and maturation of their genome (2, 34) . A combination of biochemical, genetic, and genomic approaches has led to the identification of the viral DNA polymerase (E9), a heterodimeric processivity factor (A20 and D4, which is also a uracil DNA glycosylase [UDG] ), the D5 protein (the putative primase/helicase), and the I3 single-stranded DNA (ssDNA) binding protein (SSB) as key proteins that function at the replication fork (3, 10-12, 14, 21, 25, 33, 40, 42, 47, 53) . Additional proteins also support DNA replication (H5), and yet others are involved in precursor metabolism (J2 and F4/I4), recombination/repair (G5), maturation (A22), and encapsidation (I6 and A32) of the genome (5, 7, 15, 16, 45) . Finally, the B1 protein kinase is required to overcome the antiviral effects of the host DNA binding protein BAF. BAF binds to and sequesters the viral DNA, preventing its replication, unless it is phosphorylated on its N= terminus by B1 (58) .
The mode of poxvirus genome replication remains poorly understood. The genome is an ϳ200-kb linear double-stranded DNA (dsDNA) duplex with covalently closed hairpin termini. The working model of replication (2, 34) posits that replication is initiated by the introduction of a nick near one of the termini, which then provides a primer terminus that can be elongated by the processive viral polymerase. Replication of the terminal loop could position the polymerase to copy both strands of the genome in a leading strand-only mode of replication. Such a replication model would lead to tail-to-tail dimers and higher-order concatemers, which have indeed been seen in vivo (2, 35) . However, the recent observation that the D5 protein has primase activity in vitro (9) suggests that replication might include lagging-strand synthesis, which has not yet been confirmed or excluded. Recombinational priming, which has been seen with some bacteriophages, may also occur.
Regardless of whether or not replication involves leadingstrand synthesis only, protection of regions of single-stranded DNA that are exposed during replication would require a replicative SSB. Some years ago, we proposed that the vaccinia virus I3 protein served as the replicative SSB (42) . I3 is an abundant 30-kDa protein (with an electrophoretic mobility of ϳ34 kDa) that is expressed at both early and intermediate times postinfection and binds tightly and specifically to single-stranded DNA. Subsequent reports confirmed the DNA binding properties of I3 and suggested that it facilitates both DNA replication and recombination in vivo (14, 53) . However, definitive evidence that I3 is the replicative SSB has not yet been presented, nor has a structure/function analysis. The data described in this report address these questions. We describe the generation and analysis of 10 clustered charge-toalanine mutants of I3 and address the ability of the mutant I3 proteins to bind to DNA and to multimerize in vitro. The proteins encoded by three of the alleles generated exhibited defects in one or both of these assays. In addition, we describe the generation of viruses in which the endogenous wild-type (WT) I3 gene has been replaced by these mutant alleles and report that the same three mutant alleles of the I3 gene are unable to support virus viability in vivo. Finally, we show that small interfering RNA (siRNA)-mediated depletion of I3 leads to a reduction in the accumulation of progeny genomes and viral yield. Cumulatively, these data support the conclusion that I3 is a replicative SSB and shed light on the biochemical properties of the protein.
MATERIALS AND METHODS

Reagents.
Restriction endonucleases, T4 DNA ligase, T4 polynucleotide kinase (PNK), calf intestinal phosphatase (CIP), pancreatic RNase, PCRgrade deoxynucleoside triphosphates (dNTPs), Taq DNA polymerase, and DNA molecular weight standards were purchased from Roche Diagnostics (Indianapolis, IN) and were used per the manufacturer's specifications. [ 35 S]methionine and [␥-32 P]ATP were purchased from Perkin Elmer Life Sciences (Boston, MA). A peptide carrying three copies of a FLAG tag (3ϫFLAG-peptide) and EZview Red anti-FLAG M2 Affinity gel beads were obtained from Sigma (St. Louis, MO). Lipofectamine 2000, Geneticin (G418 sulfate) and 14 C-labeled protein molecular weight markers were purchased from Invitrogen (Carlsbad, CA). A T7 Coupled Reticulocyte Lysate System for in vitro coupled transcription/translation (IVTT) was purchased from Promega (Madison, WI). siRNA duplexes were purchased from Dharmacon RNAi Technologies (Lafayette, CO). Oligonucleotide primers were purchased from Integrated DNA Technologies (IDT; Coralville, IA). Protran nitrocellulose was obtained from Whatman, Inc. (Dassel, Germany).
Cells and virus. Monolayer cultures of African green monkey BSC40 cells were maintained at 37°C in Dulbecco modified eagle medium (DMEM; Invitrogen) containing 5% fetal calf serum (FCS). Viral stocks were prepared from cytoplasmic lysates of infected BSC40 cells by ultracentrifugation through 36% sucrose; titers were determined by plaque assays performed on BSC40 cells. For virological studies, 31.5°C and 39.7°C were used as the permissive and nonpermissive temperatures, respectively.
Targeted mutagenesis and cloning of the I3 gene. Ten regions within the I3 open reading frame (ORF) were chosen for clustered charge-toalanine mutagenesis ( Fig. 1) (8, 16, 40 ). An overlap PCR strategy was used to introduce the targeted mutations using the cloned HindIII I fragment as a template and the primers listed in Table S1 in the supplemental material. Two sequential rounds of PCR were performed to generate products that overlapped by 17 bp. In the first round, two separate reactions using primers U(x) plus X B and primers X C and D(x) were performed. One microliter of each of the two reaction products was mixed and served as the template for a third PCR, which was performed using the U(x) and D(x) primers. The final PCR product was glass purified and digested with BamHI. The pUC-Neo vector (29) was digested with BamHI, treated with CIP, and ligated to the similarly digested insert. The pUC-Neo vector contains the neomycin resistance (Neo) gene under the regulation of the vaccinia virus p7.5 constitutive promoter. All constructs were subjected to DNA sequencing to confirm the presence of the desired mutation and the absence of spurious mutations. The WT allele and all 10 clustered chargeto-alanine alleles of the I3 gene were also amplified using the Cloning U and Cloning D primers; following digestion with NdeI and BamHI, the inserts were ligated into pTM1-3ϫFLAG and pET14b vectors that had been similarly digested and treated with CIP. The resultant plasmids encode 3ϫFLAG-and His 6 -tagged versions of each I3 allele.
Transient dominant selection and isolation of I3 mutants. Transient dominant selection was used to replace the endogenous I3 ORF with the mutant alleles (8, 13, 16, 26, 29, 40) . All infections were performed at 31.5°C to ensure that temperature-sensitive (ts) viruses could be isolated. BSC40 cells in 35-mm dishes were infected with WT virus (multiplicity of infection [MOI] of 0.03). At 3 h postinfection (hpi), 3.5 g of supercoiled pUC/Neo-I3 DNA was introduced into cells using Lipofectamine 2000 (Invitrogen) per the manufacturer's recommendations, and cells were placed at 31.5°C. At 16 hpi, Geneticin (G418 sulfate) was added to a final concentration of 3 mg per ml to select for viral recombinants. Transfections were harvested at 48 hpi, and Neo r viruses were isolated by two rounds of plaque purification in the presence of G418. Integration of the Neo cassette was confirmed by PCR analysis. Further plaque purification was performed in the absence of drug selection to enable recombinational resolution of the tandem repeats and subsequent loss of the Neo gene. To identify the plaques that lost Neo and retained the mutant I3 allele, rather
FIG 1
Alignment of poxviral I3 homologs and identification of residues targeted for mutagenesis. An alignment of the predicted primary amino acid sequence of the I3 proteins encoded by vaccinia (VACV), variola (VARV), monkeypox (MPXV), camelpox (CMLV), cowpox (CPXV), ectromelia (ECTV), myxoma (MYX), swinepox (SWPV), lumpy skin disease (LSDV), sheeppox (SPPV), and molluscum contagiosum (MOCV) viruses (the sequences were obtained from www.poxvirus.org). Shaded boxes depict residues that are identical between the vaccinia I3 protein and at least eight other I3 homologs. The blue circles highlight aromatic and basic residues that we hypothesize to correspond to a conserved DNA binding signature conserved in many SSBs; red lines depict clustered charge-to-alanine mutants generated.
than the WT I3 allele, either DNA sequencing or allele-specific PCR was performed. Plaques of the appropriate genomic structure were subjected to sequential rounds of plaque purification until all (Ն20) progeny plaques lacked Neo and contained only the mutant I3 allele. These plaques were expanded, and viral stocks were prepared. For mutants 4, 5 and 7, we observed that all plaques that had undergone recombinational resolution and had lost Neo (Ͼ20 of which were isolated from each of two independent Neo-positive intermediate viruses) retained the WT I3 allele, whereas none retained the mutant I3 allele. Therefore, we concluded that these three mutant alleles of I3 were unable to support virus viability.
Determination of 24-h viral yield. BSC40 cells in 35-mm dishes were infected at an MOI of 2 and maintained at 31.5°C or 39.7°C. Cells were harvested at 24 hpi, collected by centrifugation, and resuspended in 1 mM Tris (pH 9.0). The cells were disrupted by three cycles of freeze-thawing and two 15-s bursts of sonication. Viral yields were assessed in plaque assays performed on BSC40 cells at 31.5°C. Several independent experiments were performed; for each experiment, viral yield was titrated in duplicate, and the data were averaged and plotted with the standard deviations shown (see Fig. 5B ).
In vitro transcription/translation of 3؋FLAG-I3 and His 6 -I3. The TnT system from Promega was employed for in vitro transcription and translation (IVTT) reactions. Fifty-microliter reaction mixtures were programmed according to the manufacturer's instructions using either 750 ng of one of the pET14b-His 6 -I3 plasmids or 250 ng of one of the pTM1-3ϫFLAG-I3 plasmids. The reaction mixtures were incubated for 90 min at 30°C in the presence of 20 Ci of [
35 S]methionine. One-tenth of each reaction mixture was saved for analysis as input, and the remainder was mixed with other reaction mixtures as appropriate and incubated at room temperature for 1 h with gentle mixing.
The 3ϫFLAG-I3 and any associated His 6 -I3 proteins were retrieved using EZview Red anti-FLAG M2 affinity gel beads. The M2 affinity gel beads were added to the reaction mixtures, along with 300 l of FLAG lysis buffer (50 mM Tris [pH 7.4], 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 1 g/ml leupeptin, 1 g/ml pepstatin, and 1 mM phenylmethylsulfonyl fluoride [PMSF]), and the samples were incubated with endover-end rotation for 3 h at 4°C. Beads were retrieved by centrifugation for 30 s at 10,400 ϫ g. The beads were washed twice in FLAG-TBS (50 mM Tris [pH 7.4], 150 mM NaCl), and bound proteins were eluted by the addition of FLAG-TBS containing 15 g of 3ϫFLAG-peptide (SigmaAldrich, St. Louis, MO) for 30 min on ice with gentle agitation. The beads were collected via sedimentation, and the eluate was collected for analysis. Radiolabeled proteins were resolved by SDS-PAGE and visualized by autoradiography. Quantitation was performed using a PhosphorImager Storm Scanner and ImageQuant software.
Induction and purification of recombinant His 6 -I3. pET14b-His 6 -I3 constructs were transformed into the HMS174 strain of Escherichia coli. Cultures were grown in the presence of 0.2% maltose, and I3 expression was induced by infection with bacteriophage CE6 (MOI of 10), which encodes T7 RNA polymerase. Induction was performed for 3 h (30 min at 37°C and 2.5 h at room temperature), after which bacteria were collected by sedimentation and lysed in 10 ml of pET lysis buffer (20 mM Tris [pH 8 .0], 500 mM NaCl, 20 mM imidazole, 0.1% Triton X-100, 10% glycerol, 5 mg/ml lysozyme, 1 g/ml leupeptin, 1 g/ml pepstatin, and 1 mM PMSF) and incubated on ice for 30 min. Lysates were sonicated twice for 15 s and clarified by centrifugation at 17,211 ϫ g for 30 min. Recombinant His 6 -I3 protein was purified by affinity chromatography using a HisTrap FF column and an AKTA fast protein liquid chromatography (FPLC) system (GE Healthcare Life Sciences, Piscataway, NJ). The column was washed and developed with buffer (20 mM Tris [pH 8.0], 500 mM NaCl, 20 mM imidazole, 0.1% Triton X-100, 10% glycerol, 1 g/ml leupeptin, 1 g/ml pepstatin, and 1 mM PMSF) containing increasing concentrations of imidazole. The peak of His 6 -I3 eluted at 250 mM imidazole; pooled fractions were dialyzed against a buffer containing 50 mM Tris (pH 7.4), 250 mM NaCl, 1 mM EDTA, 10 mM ␤-mercaptoethanol, and 25% glycerol and stored at Ϫ80°C. Purifications were performed from 100-to 500-ml cultures.
Electromobility shift assays (EMSAs). The 24-mer oligonucleotide probe (5=-CGTGTCGCCCTTATTCCGATAGTG-3=) was radiolabeled at its 5= terminus with [␥-32 P]ATP and T4 polynucleotide kinase. Thirty or ninety nanograms of each I3 preparation was incubated with 2.4 pmol of radiolabeled probe for 15 min at 30°C in a 15-l reaction mixture containing 250 g of bovine serum albumin (BSA) per ml, 20 mM Tris (pH 7.4), 50 mM NaCl, 1 mM EDTA, and 5% glycerol. The samples were then resolved electrophoretically on 15-cm vertical, nondenaturing 10% polyacrylamide gels which were cast and run in 0.25ϫ Tris borate-EDTA (TBE) (final concentrations of 22.25 mM Tris, 22.25 mM boric acid, 0.5 mM EDTA); electrophoresis was performed at 200 V for 4 h at 4°C. Gels were dried and exposed for autoradiography. Bands were quantified using a PhosphorImager Storm Scanner and ImageQuant software.
Gel filtration analysis of recombinant I3. Da]) were mixed together and adjusted to contain 50 mM Tris (pH 7.4), 150 mM NaCl, 1 mM EDTA, 10 mM ␤-mercaptoethanol, and 10% glycerol. The sample was injected onto a HiPrep 16/60 Sephacryl S-100 High Resolution column (GE Healthcare Life Sciences) that was equilibrated and then developed in the same buffer. Chromatography was performed at 0.45 ml/min on an AKTA FPLC apparatus at 10°C. One-milliliter fractions were collected, and the elution profile of I3 was determined by SDS-PAGE, followed by silver stain and immunoblot analysis.
siRNA-mediated interference. Twenty-one-nucleotide (nt) RNA duplexes (each strand possessing a terminal 3= dT dinucleotide) were purchased from Dharmacon RNAi Technologies. siRNA sequences can be found in Table S1 in the supplemental material. Each siRNA duplex (20 nM) was transfected into BSC40 cells that had been seeded the day prior at a density of 2.25 ϫ 10 5 cells/35-mm dish, using TransIT-TKO transfection reagent (Mirus Bio LLC, Madison, WI) as directed per manufacturer specifications. At 18 h posttransfection, cells were infected with WT virus (MOI of 3) and harvested at the time points indicated (see Fig. 6 ).
Immunoblot analysis of viral proteins. Whole-cell extracts were prepared from siRNA-treated, virally infected cells, resolved on SDS-15% acrylamide gels, and transferred electrophoretically to nitrocellulose filters. The blots were analyzed by incubation with polyclonal serum directed against A20, I3, or F18 (29, 40, 42) , followed by a horseradish peroxidase-conjugated secondary antiserum (Bio-Rad). After development with chemiluminescent Super Signal WestPico reagents (Pierce, Rockford, IL), immunoreactive proteins were visualized on Kodak MR film or captured by exposure on a FluorChem HD2 documentation system (ProteinSimple, Santa Clara, CA) and quantified using AlphaView software (ProteinSimple).
Southern dot blot hybridization to assess viral DNA accumulation. Infected and mock-or siRNA-treated cells were harvested at the indicated time points (3, 6, 8, 10, 12 , and 18 hpi) and subjected to Southern dot blot analysis as previously described (51) . DNA was applied to Zeta Probe nitrocellulose (Bio-Rad) and detected using a radiolabeled probe representing the HindIII E and F fragments of the vaccinia virus genome; the bound probe was visualized by autoradiography and quantified on a PhosphorImager Storm Scanner using ImageQuant software. Each sample was spotted in quadruplicate, and the data were averaged and plotted with standard deviations shown.
Pulsed-field gel electrophoresis (PFGE). BSC40 cells were seeded at 2.25 ϫ10 5 cells per 35-mm dish 1 day prior to being pretreated with siRNA (an siRNA directed against the I3 mRNA or a variant containing 4-nt substitutions predicted to cause mismatches [si-I3 or MM, respectively]) as described above. After 18 h, cells were infected with WT virus (MOI of 3) and harvested at 8 and 12 hpi. A fraction of the cells was reserved for immunoblot analysis. Cell pellets were embedded in 0.5% low-melting-point agarose and digested for 24 h at 50°C with mild agita-tion in 500 l of ESP buffer (1% Sarcosyl, 0.5 M EDTA [pH 9.0], 0.5 mg/ml proteinase K). The plugs were equilibrated in 0.5ϫ TBE buffer prior to insertion into premolded wells of a 1% SeaKem Gold agarose gel cast and run in the same buffer. The DNA was resolved on a CHEF Mapper XA apparatus (Bio-Rad) at 6 V/cm for 13 h at 14°C, using a switching time gradient of 1 to 25 s, a linear ramping factor, and a 120°angle. The DNA was visualized by ethidium bromide staining, and the image was captured and quantified using AlphaView software (ProteinSimple). This program allowed resolution of DNA species ranging from Ͼ500 kb to ϳ5 kb. To resolve fragments from 200 kb to ϳ200 bp, duplicate samples were resolved on the same type of gel at the same temperature using the following parameters: 6 V/cm for 6 h, a switching time gradient of 0.05 s to 17.0 s, a ramping factor of a ϭ 2.848 m, and a 120°angle.
Immunofluorescence microscopy. Infected and mock-or siRNAtreated cells were incubated in the presence of bromodeoxyuridine (BrdU) at a final concentration of 25 g/ml. At 7 hpi, cells were fixed with 4% paraformaldehyde and permeabilized with 0.1% Triton X-100 for 5 min on ice. Samples were then stained with monoclonal anti-BrdU (5 g/ml; Developmental Studies Hybridoma Bank, University of Iowa, Iowa City, IA) and polyclonal anti-I3 (1:400) antibodies followed by secondary antibodies conjugated to either Alexa Fluor 594 (goat anti-mouse IgG) or Alexa Fluor 488 (goat anti-rabbit IgG) (Invitrogen). For prepermeabilization experiments, infected cells were placed on ice, briefly treated with 0.1% Triton X-100 (30 s), washed, and then fixed and processed as described above.
Immunoelectron microscopy. BSC40 cells were infected with WT virus (MOI of 5) in the presence of BrdU (25 g/ml, added after 30 min of adsorption) for 7 h and fixed in situ with 4% paraformaldehyde-0.1% glutaraldehyde in phosphate-buffered saline (PBS) for 60 min at room temperature. Cells were processed for immunoelectron microscopy and embedded in Lowicryl K4M; grids were stained using either anti-BrdU, anti-I3, or anti-protein disulfide isomerase ([PDI] monoclonal 1D3, Enzo Life Sciences, Ann Arbor, MI) antibodies, followed by incubation with a secondary antibody conjugated to 10-nm gold particles. Grids were poststained with uranyl acetate and examined on either a Hitachi H-600 or JEOL JEM2100 electron microscope.
Generation of an I3-mCherry fusion construct. To generate the pInt-I3-mCherry construct, the mCherry open reading frame was amplified from the pRSET-mCherry vector (46) using the mCherry 5= and 3= primers detailed in Table S1 in the supplemental material. The PCR product was digested with BglII and positioned behind the vaccinia virus G8 promoter in the pInt vector (52) that had been digested with BamHI and treated with CIP. The I3 open reading frame lacking a termination codon (amplified from WT genome; using the Cloning U and I3 no stop 3= primers) (see Table S1 in the supplemental material) was placed upstream of the mCherry sequence via a unique BamHI site that had been placed immediately upstream of the mCherry coding sequence (mCherry 5= primer). The sequence of the pInt-I3-mCherry construct was confirmed by restriction enzyme digestion and automated DNA sequencing.
Preparation of digital figures. Original data were scanned on an Epson Perfection scanner (Long Beach, CA) and were adjusted with Adobe Photoshop software (Adobe Systems, Inc., San Jose, CA). Data from EMSAs, and TnTs were acquired on a Storm PhosphorImager (Molecular Dynamics, Sunnyvale, CA) and quantified using ImageQuant software (Molecular Dynamics). Images from immunoblot analysis were acquired using the FluorChem HD2 documentation system (ProteinSimple, Santa Clara, CA). The sequence alignments were performed by using the Clustal W method and Lasergene software (DNASTAR, Inc., Madison, WI) using sequences retrieved from the Poxvirus Bioinformatics Resource Center (http://www.poxvirus.org). Statistical analysis and graph preparation were performed using SigmaPlot software (Systat Software, Chicago, IL). Final figures were assembled and labeled with Canvas software (Deneba Systems, Miami, FL).
RESULTS
The vaccinia virus I3 protein has all of the functional hallmarks of a replicative SSB. It is presumed to play an essential role during infection since attempts to isolate a virus carrying an I3 deletion have been unsuccessful (42) . An alignment of the I3 orthologs encoded by closely related (vaccinia, variola, monkeypox, camelpox, cowpox, and ectromelia viruses) and more divergent (myxoma, swinepox, lumpy skin disease, sheeppox, and molluscum contagiosum viruses) chordopoxviruses is shown in Fig. 1 . Residues that are shared by the vaccinia I3 protein and at least eight other orthologs are shaded and boxed. Although SSBs from diverse organisms often share a structural feature known as an OB (oligonucleotide/oligosaccharide-binding) fold (36, 49) , there is no primary sequence consensus associated with their affinity for single-stranded DNA. A loosely conserved pattern of aromatic and basic residues within the putative DNA binding domain of various SSBs has been identified (55), and candidate residues for such a signature within I3 are shown with blue circles in Fig. 1 .
Forward genetic analysis of the I3 protein has been lacking since neither the Condit or Dales collections of temperature-sensitive (ts) viruses contain mutants with lesions in the I3 gene (22) . With the goal of generating a conditionally lethal mutant, we utilized clustered charge-to-alanine mutagenesis to generate 10 variants of I3 (8, 16-18, 21, 40) . The rationale behind this approach is that clusters of charged residues are likely to be exposed on the surface of a given protein, and hence their alteration may compromise protein-protein or protein-DNA interactions without disrupting the overall folding and stability of the target protein. The 10 clusters of charged residues chosen for mutagenesis span the protein sequence and are numbered and marked by red lines in Fig. 1 . Some of these clusters are highly conserved in all of the I3 homologs, whereas others are conserved only within the highly related orthopoxviruses. The variant alleles were generated using overlap PCR and then cloned into expression vectors for analysis in vitro and in vivo.
Clustered charge-to-alanine mutagenesis of the I3 protein: analysis of I3-I3 interaction in vitro. We reported some years ago that recombinant I3 was predominantly monomeric in solution. Its elution from a Superdex 75 gel filtration column was indicative of a protein with a Stokes radius of 24.7 Å, which was extrapolated to an apparent molecular weight (MW) of 34,000 (assuming I3 is a globular protein) (42) . However, many SSBs function as multimers (27, 39, 41) , and since our initial report, an I3-I3 interaction was identified definitively in a global yeast two-hybrid screen of the vaccinia virus proteome (32) . The two-hybrid interaction has been verified in our own lab (data not shown); we have also developed an in vitro assay to monitor the self-interaction of I3. The WT and mutant alleles of I3 were each inserted into both the pTM1-3ϫFLAG and pET14b vectors, facilitating T7 RNA-polymerase driven expression of 3ϫFLAG-I3 and His 6 -I3, respectively. These two forms of I3 have distinct electrophoretic mobilities. The proteins were expressed in vitro using the TnT coupled transcription/translation system, mixed appropriately, and subjected to affinity purification on anti-FLAG resin. The levels of His 6 -I3 which copurified with the cognate 3ϫFLAG-I3 were visualized by autoradiographic analysis of electrophoretically resolved proteins. The data (n ϭ 5) were quantified by phosphorimager analysis after taking into account the individual levels of expression and were normalized to the retrieval obtained with the WT proteins ( Fig. 2A) . The efficiency of the I3-I3 interaction was within 50% of the value obtained for the WT proteins for most of the mutants. The I3-2 protein showed a modest but significant (P Ͻ 0.05) increase in self-interaction efficiency above that level, and the I3-8 protein showed a more substantial and significant increase in the efficiency of self-interaction (P Ͻ 0.02). Most importantly, the I3-4, -5, and -7 proteins showed a statistically significant decrease in (or near ablation of) their ability to self-interact (for I3-4, P Ͻ 0.05; for I3-5 and -7, P Ͻ 0.02).
Additional experiments were performed to test the hypothesis that mutants 4, 5, and 7 had a specific defect in self-interaction rather than exhibiting global misfolding (Fig. 2B) . First, each of the three mutant proteins was tested for its ability to interact with WT I3 using the same protocol described above. As shown in Fig.  2B , the three His 6 -I3 mutant proteins retained the ability to interact with WT 3ϫFLAG-I3 (Fig. 2B, lanes 3, 7, and 11 ). For the I3-4 and -7 proteins, the efficiency of this interaction was comparable to the self-interaction of the WT protein (Fig. 2B, lane 2) . For the I3-5 protein, a modest but statistically significant diminution in interaction was observed (P Ͻ 0.02) (Fig. 2B, lane 7) . These data argue against a gross misfolding of the I3-4, -5, and -7 proteins. In contrast, these mutant proteins showed little to no ability to interact with themselves or with each other (Fig. 2B, lanes 4 to 6, 8 to 10 , and 12 to 14). These data suggest that the three mutations, which map relatively close to each other in the primary sequence of I3, might affect a common binding pocket.
To gain further insight into the multimerization properties of I3, we performed gel filtration analysis of purified preparations of recombinant His 6 -I3 protein which were produced in E. coli and purified by metal ion affinity chromatography. A total of 250 g of His 6 -WT I3 protein was mixed with protein standards and resolved on a HiPrep 16/60 Sephacryl S100 column. The elution profile showed two distinct peaks of protein (Fig. 3A) . The elution profile of the major peak was similar to that of ovalbumin, which has a native molecular weight (MW) of 44,000 (fractions 46 to 49). We interpret this peak as representative of monomeric His 6 -I3 (predicted MW of 32,000). An additional peak of protein had an elution profile that overlapped with the thyroglobulin (670 kDa) and immunoglobulin standards (158 kDa), which would be consistent with a higher-order form of I3 that was at least tetrameric (fractions 33 to 36). A similar analysis was performed with purified preparations of mutants 4, 5, and 7. For each of these proteins, only a single peak of I3 was observed: a comparison of fractions 33 to 36 and 46 to 49 from the WT, I3-4, -5, and -7 is shown in Fig. 3B . In each case, I3 was abundant in fractions 46 to 49, but the higherorder species of I3 (fractions 33 to 36) seen for the WT protein was not seen with any of the three mutants. Taken together, the IVTT and gel filtration data strongly suggest that a portion of WT I3 forms multimers in solution, whereas mutants 4, 5, and 7 are deficient in this process.
Clustered charge-to-alanine mutagenesis of the I3 protein: analysis of ssDNA binding in vitro. We have previously described the ssDNA binding activity of recombinant (and endogenous) WT I3 using an EMSA (42) . We have now extended this analysis to His 6 -tagged versions of the WT and mutant I3 proteins. Each affinity-purified recombinant His 6 -I3 protein preparation was tested at 30 and 90 ng for its ability to bind a 5=-labeled 24-nt oligonucleotide in an EMSA; a representative autoradiograph (panel A) as well as quantification of replicate experiments (n ϭ 4) (panel B) are shown in Fig. 4 . Although there was some variability among the DNA binding properties of the different preparations, only two mutants (I3-5 and -6) showed a statistically significant (P Ͻ 0.02) reduction in DNA binding activity at both protein concentrations. The I3-6 protein was only modestly impaired and exhibited 64 and 56% of the DNA binding activity of the WT
FIG 2 Analysis of I3-I3 self-interaction in vitro.
Differentially tagged I3 proteins were synthesized in IVTTs, affinity purified, and visualized by autoradiography. (A) Quantification of I3-I3 self-interaction. Values are expressed relative to WT-WT interaction (set to 1) and account for input for each reaction. The gray bars represent statistically significant differences from the WT-WT interaction (n ϭ 5; *, P Ͻ 0.05; **, P Ͻ 0.02). (B) Additional IVTT reactions were performed characterizing the ability of the defective I3 proteins (shown in panel A) to interact with WT I3 and each other. In the representative autoradiograph shown, the migration of His 6 -I3 and 3ϫFLAG-I3 is represented by the circle and diamond, respectively. Quantification of the I3-I3 self-interactions was performed using the same analysis as described for panel A (n ϭ 6; **, P Ͻ 0.02).
protein at 30 and 90 ng, respectively. The reduction was greater for the I3-5 protein; the DNA binding activity of this protein ranged from 10 to 37% of the WT protein as assayed at 30 and 90 ng, respectively. Thus, the I3-5 protein is diminished both in its capacity to bind DNA and to self-interact. In contrast, the DNA binding activities of mutants 4 and 7 do not appear to be diminished, despite their reduced ability to multimerize. Conversely, mutant 6 shows a modest diminution in DNA-binding activity without any obvious impairment in self-interaction. Cumulatively, these data indicate that the binding of I3 to a 24-mer oligonucleotide in vitro does not require oligomerization. Furthermore, it is striking that all of the defects observed in the in vitro biochemical assays were found in the proteins encoded by mutant alleles 4 to 7, underscoring the importance of this region of the protein in the function of I3.
Clustered charge-to-alanine mutagenesis of the I3 protein: generation of viral recombinants with altered I3 alleles in an attempt to generate a temperature-sensitive virus. Although the I3 protein is presumed to be the replicative SSB, direct genetic proof of such a role has been lacking. Therefore, the same 10 clustered charge-to-alanine mutants were cloned into an appropriate vector (pUC-Neo) (29) such that transient dominant selection could be used to insert them in place of the endogenous I3 allele within the viral genome. All of the manipulations aimed at isolating these viruses were performed at 31.5°C to ensure the viability of any viruses with temperature-sensitive (ts) phenotypes, since ts mutants with defects in the vaccinia virus A20, H5, G2, and D1 proteins have been readily obtained using this approach (8, 16-18, 21, 40) . Viruses encoding the I3-1, -2, -3, -6, -8, -9, and -10 proteins were readily obtained, extensively plaque purified, and expanded. As shown in Fig. 5A , the plaques formed by these viruses at both 31.5°C and 39.7°C were comparable in size to those formed by WT virus at these temperatures. Likewise, the viral yields obtained after cells were infected for 24 h with each of the viruses at an MOI of 2 were generally equivalent at both temperatures and equivalent to the yield from WT-infected cells (Fig.  5B) . A modest decrease in yield was seen at both temperatures for the virus encoding I3-2, but it is unclear whether this difference is of any biological significance. Hence, alleles 1, 2, 3, 6, 8, 9, and 10 were competent to support virus viability in a temperature-insensitive manner. In contrast to these results, we were unable to obtain viruses encoding only the I3-4, -5, or -7 allele despite repeated and concerted efforts. The transient dominant technique involves the isolation of intermediate viruses that, in this case, have tandem duplications of portions of the I2-I3 or I3-I4 region of the genome flanking the Neo gene. This insertion/duplication allows for selection of G418-resistant (G418 r ) plaques. After the intermediate viruses are isolated, G418 selection is removed, and the duplication is resolved by homologous recombination between the tandem repeats. We had no difficulty isolating these intermediate viruses after transfection of the plasmids encoding the I3-4, -5, or -7 allele, but in each case, all of the resolved viruses retained the WT, and not the mutant, allele. Therefore, we feel confident in concluding that these three mutant alleles are not competent to support virus viability. Interestingly, the three mutants that could not support virus viability are the same three that were defective in self-interaction (Fig. 2) ; moreover, I3-5 was also defective in DNA binding (Fig. 4) . These data suggest that the ability of I3 to form higherorder complexes is likely to play a biologically important role during the infectious cycle.
siRNA-mediated depletion of I3 leads to a diminution in viral DNA replication and 24-h viral yield. Our inability to generate viruses encoding only I3-4, -5, or -7 provided strong evidence that I3 is indeed an essential viral protein. We were not, however, successful in isolating a tsI3 virus. As an alternative approach, we generated an siRNA directed against the I3 mRNA (si-I3) as well as a variant containing 4-nt substitutions predicted to cause mismatches and eliminate stable targeting (MM) (sequences can be found in Table S1 in the supplemental material). Our most effective siRNA targeted nucleotides 274 to 292 of the ORF, just downstream of the siRNA previously reported by Gammon and Evans (nt 236 to 256) (14) . (An additional oligonucleotide duplex targeting nt 551 to 571 was much less effective in depleting I3 and was not investigated further.) To assess the impact of the siRNA on the steady-state levels of the I3 protein and on viral DNA accumulation on a cell-by-cell basis, cells were infected for 7 h in the presence of BrdU. The incorporation of BrdU into nascent DNA and the levels of I3 were then assessed by immunofluorescence microscopy (42, 51) . In mock-treated cells or cells exposed to the MM siRNA (data not shown), we readily observed the presence of large replication foci in which the I3 protein and nascent DNA were colocalized (Fig. 6A, left panels) . In cells treated with siRNA directed against I3, the sizes of the I3-positive (I3 ϩ ) and BrdU ϩ foci were dramatically and comparably decreased (Fig. 6A, right panels) . Hence, the siRNA was effective in depleting I3, which in turn led to a corresponding decrease in DNA synthesis. More quantitative assessments of the depletion of I3 and the levels of DNA synthesis can be obtained from immunoblot and dot blot hybridization analyses, respectively ( Fig. 6B and C) . The siRNA treatment diminished the levels of I3 to approximately 8 to 10% of those seen in cells treated with MM siRNA (Fig. 6B) . This depletion was specific since the levels of other early replication proteins such as UDG (data not shown) and A20 were not impacted. Dot blot hybridization analysis indicated that I3 depletion reduced the accumulation of viral DNA sequences by ϳ4-fold at the time points studied (Fig. 6C) . This reproducible reduction in DNA accumulation is statistically significant (P Ͻ 0.02 at 6 and 8 hpi; P Ͻ 0.001 at 10, 12, and 18 hpi) but incomplete, and the accumulation of postreplicative proteins such as F18 (57) is not impaired (Fig. 6B, bottom blot) . The 24 h yield of infectious virus under these same conditions was consistently diminished by ϳ3.3-fold (P Ͻ 0.02) (Fig. 6D) . These data suggest that either I3 is present in excess of what is needed to support DNA synthesis (10-to 12.5-fold reduction of I3 leads to an ϳ4-fold reduction in DNA accumulation) or that I3 plays a stimulatory but not essential role in DNA synthesis.
To gain further insight into how I3 depletion might affect DNA accumulation, we performed pulsed-field gel electrophoresis (PFGE) to assess the DNA species present at 8 and 12 hpi in cells treated with MM or si-I3 and then infected with WT virus (MOI of 3) (Fig. 6E ). There was a clear diminution (ϳ3-to 7-fold) in the levels of the mature, monomeric genome (ϳ200 kb) (Fig. 6E , arrowhead) in cells treated with si-I3. We did not, however, see any evidence of unresolved concatemeric DNA, which would migrate more slowly than mature genomes, nor did we observe the reproducible accumulation of subgenomic species; in addition to the PFGE gel shown in Fig. 6 , samples were analyzed under other electrophoretic conditions that allowed visualization of DNA as small as 200 bp (not shown).
Intracellular localization of I3: insight into the organization and structure of these factories. As shown in Fig. 6A and previously (42), I3 localizes to discrete foci within infected cells that are termed replication factories. The specificity of this localization is illustrated in Fig. 7A : whereas an I3-mCherry fusion protein localizes to discrete replication factories, the mCherry protein itself is dispersed throughout the cytoplasm. To test the hypothesis that the localization of I3 reflects its association with stable structures that might contain scaffolding proteins, cytoskeletal elements, or DNA-containing complexes, we assessed the retention or loss of I3 when cells were briefly prepermeabilized with Triton X-100 (0.1% for 30 s) prior to fixation for immunofluorescence analysis. Comparable protocols have been shown to release soluble proteins from the cytosol or nucleoplasm but not those anchored by association with the cytoskeleton or the nuclear matrix (4, 19, 28, 37) . The diffuse pool of I3 (along with other cytosolic proteins) is lost during this prepermeabilization step, but the factory-associated I3 is anchored and is not diminished during prepermeabilization (Fig. 7B) .
To obtain a higher resolution view of the BrdU ϩ , I3 ϩ replication factories shown in Fig. 6A , cells were harvested at 7 hpi (MOI of 2 in the presence of BrdU) for examination by conventional and immunoelectron microscopy. The most striking features seen were organelle-free zones within the cytoplasm (Fig. 7C ) that were filled with material of even electron density (RF; replication factories) and appeared to be surrounded by double membranes (red arrowheads). Immunoelectron microscopy indicated that these delimiting membranes (Fig. 7D, red arrowheads) were labeled by an antibody to protein disulfide isomerase (PDI), a marker of the endoplasmic reticulum (ER) (Fig. 7D, red asterisks) . The interior of the zones was labeled at high density with antibodies to BrdU (Fig. 7E, cyan asterisks) , consistent with these zones being replication factories in which nascent DNA was being synthesized. These data reinforce the proposal (50, 56) that the replication of the poxvirus genome occurs within specialized, membrane-delimited cytoplasmic compartments.
DISCUSSION
The cytoplasmic localization of the poxviral life cycle necessitates that the virus encodes most, if not all, of its replication machinery. The poxvirus machinery must overcome the universal problems presented by the need to replicate a double-stranded DNA template, as well as solving the somewhat unique problems presented by replication within the cytoplasm, such as evading cytoplasmic DNA sensors (58) . To compartmentalize replication and concentrate the precursors, enzymes, and template, poxviruses appear to induce the formation of membrane-delimited paddocks that are dedicated sites of replication (Fig. 7) . These paddocks have been noted before and are referred to as "mininuclei" (50, 56) . The I3 SSB described in the manuscript localizes to these sites of viral replication, which are the sites of accumulation of BrdU-labeled nascent DNA (Fig. 7) . The paddocks appear to be delimited by PDI-positive (PDI ϩ ) membranes derived from the ER, and it will be of interest in the future to understand how the ER membranes are recruited to enclose and shape these replication foci. Efficient replication in the cytoplasm may also provide the underlying rationale for why poxviruses encode such precursor-generating enzymes as ribonucleotide reductase (RR). An early report suggested that the viral ribonucleotide reductase interacted directly with the I3 protein (6), providing a mechanism whereby precursors might be synthesized at the site of utilization. Interestingly, it was the acidic C= terminus of I3 that was shown to bind to the small subunit of the ribonucleotide reductase. Many SSBs have an acidic C terminus, and this region has been shown to coordinate interactions with a plethora of core components of the replication apparatus as well as auxiliary proteins involved in diverse aspects of DNA metabolism (20, 31, 48) . I3 has very recently been shown to bind to the cellular translation initiation factor eIF4G, which relocalizes to viral factories after infection (60) . The possibility that the abundant I3 protein mediates the selective redistribution of a host translation factor is an intriguing observation and an area for future study.
Single-stranded DNA binding proteins (SSBs) are ubiquitous components of all replicative systems studied to date, and there is strong evidence that SSBs also play integral roles in DNA repair and DNA recombination. I3 fulfills the properties of an SSB by binding single-stranded DNA tightly and with great specificity (42, 53) . Although the primary sequences of SSBs are quite diverse, the majority have been shown to contain one or more OB (oligonucleotide/oligosaccharide-binding) folds; this structural domain is comprised of a five-stranded beta sheet coiled to form a closed beta-barrel (36) . We have utilized a variety of structural prediction programs, such as PHYRE (23), Swiss Model (1, 24) , and i-Tasser (43, 44) , to probe for conserved structural domains in the I3 protein, to no avail. These modeling algorithms failed to discern the presence of any OB folds or other conserved structural motifs within I3. Although structural prediction programs failed to identify an OB fold in the herpes simplex virus (HSV)-encoded SSB (ICP8), a region containing a similar set of ß-sheets and a motif of aromatic and basic residues was identified in the solved structure (30) . The SSB from the bacterium Thermoproteus tenax (38) lacks an OB fold and binds DNA through a unique sequence that resides immediately upstream of a C-terminal multimerization domain. The DNA binding cleft of this SSB is also lined with phenylalanine residues and flanked by basic residues. The adenovirus SSB lacks an OB fold, and its binding is also mediated by a cleft containing key phenylalanine and basic residues (54) . A conserved pattern and spacing of aromatic and basic residues were identified within the SSBs of E. coli, several bacteriophages, and several herpesviruses (55), and we have identified such a possible motif in the I3 protein (Fig. 1, blue  circles) . It will be of interest in the future to determine whether targeted mutagenesis of these residues impairs the interaction of I3 with DNA; if so, we would expect that such alleles would be unable to support virus viability. Of course, solution of the crystal structure of I3 would greatly illuminate the mechanism by which it binds to ssDNA.
With the goal of gaining further insight into the contribution of I3 to the replication, recombination, and repair of the vaccinia virus genome, we utilized clustered charge-to-alanine mutagenesis to generate 10 mutant alleles of I3. Seven of these alleles were able to support virus viability in vivo, and the viruses encoding these alleles formed WT-sized plaques at both 31.5 and 39.7°C; moreover, no defect in 24-h viral yield was seen during singlecycle infections (Fig. 5) . In contrast, we were unable to isolate viruses in which the endogenous I3 locus expressed I3-4, -5, or -7, despite repeated attempts. We believe that these alleles are unable to support viral replication.
To investigate the ability of the proteins encoded by the 10 targeted alleles to multimerize, the mutant proteins and WT I3 were expressed in vitro using IVTT. Each of the mutant proteins was able to interact with WT I3 in vitro, but the I3-4, -5, and -7 proteins were severely impaired in their ability to interact with themselves or with each other (Fig. 2) . We also expressed and purified His 6 -tagged forms of WT I3 and each of the 10 mutant proteins, and the multimerization defects of I3-4, -5, and -7 were confirmed by gel filtration analysis (Fig. 3) . These data suggest that these amino acid substitutions, which span a 51-residue region of the protein, may perturb the I3-I3 interaction interface. Interestingly, these were the only three mutants that were unable to support virus viability in vivo. Additionally, as stated above, it has been previously proposed that the acidic C-terminal 81 amino acids (aa) of I3 can mediate an interaction with the small subunit of the viral ribonucleotide reductase (RR) (6) . The lesions within the I3-5 and -7 alleles fall within this domain, and the subtle changes introduced in these I3 proteins may be sufficient to disrupt the I3-RR interaction and may contribute to their inability to support viral replication in vivo.
These purified preparations of His 6 -I3 were also examined for DNA binding activity in vitro using EMSAs. The I3-6 protein showed a modest decrease in DNA binding activity (Fig. 4) , but a virus encoding only I3-6 was not compromised in vivo (Fig. 5) . In vivo, a high local concentration of I3 may be sufficient to overcome some reduction in intrinsic DNA binding activity. I3-5 was more severely impaired in its ability to bind to ssDNA, and, as mentioned above, it was unable to multimerize in vitro or to support viral replication in vivo. Although we have reported that the interaction of I3 with ssDNA in vitro is not cooperative (42) , multimerization may play an important role in vivo. In fact, most SSBs are known to function as multimers, and often self-interaction juxtaposes the DNA-binding sites in a manner that stabilizes and enhances DNA binding (27, 39, 41) . Thus, even though I3-4 and -7 can bind DNA oligonucleotides in vitro as assayed by EMSA, their DNA binding activities may not be optimal or sufficient in vivo.
Hence, while both DNA binding and the ability to form higherorder complexes appear to be important for the biological activity of I3 in vivo, we do not believe that they are intrinsically linked. Self-association of I3 was verified by yeast two-hybrid analysis (32; also data not shown), the interaction of 3ϫFLAG-I3 and His 6 -I3 in vitro (Fig. 2) , and gel filtration chromatography (Fig. 3) . Our data confirm that I3 forms higher-order complexes, but the determination of the precise stoichiometry of these complexes and the impact of solution conditions and ssDNA on complex formation are areas for future study. In addition to enhancing I3-DNA interactions, multimerization of I3 may also present a novel binding surface for the recruitment of other viral proteins involved in replication, recombination, or repair.
We have previously reported that the I3 protein is phosphorylated during infection (42) . Recombinant I3 and endogenous I3 exhibit comparable ssDNA binding properties (42, 53) , signifying that phosphorylation is not required for the I3-DNA interaction. Moreover, the data presented here indicate that phosphorylation is also not required for I3-I3 multimerization. However, the identification of the sites on which I3 is phosphorylated and the subsequent determination of whether these modification events are important in vivo will shed further light on how I3 contributes to viral DNA metabolism.
By analogy to many other systems, it is reasonable to propose that I3 may play a significant role in DNA replication, recombination, and repair. A single-strand annealing (SSA) mechanism that relies on the 3=-5= exonuclease activity of the viral polymerase has been proposed for the high levels of homologous recombination that occur during poxvirus infections (14) . The I3 protein has been shown to stimulate polymerase-mediated strand-joining in vitro (59) , and partial depletion of I3 (3-to 6.5-fold reduction) has been shown to halve the frequency of recombination in vivo (14) while reducing the levels of viral DNA replication by ϳ3-fold. Our siRNA protocol has enabled us to reduce the levels of I3 by 10-to 20-fold (Fig. 6B) , which leads to a 4-to 7-fold reduction in DNA accumulation ( Fig. 6C and E) and an ϳ3.5-fold reduction in infectious virus production (Fig. 6D ). We were somewhat surprised that the impact of I3 depletion on viral DNA synthesis was not more drastic and postulate either that I3 is present in excess or that it plays a stimulatory, but not essential, role in viral DNA replication. The latter conclusion seems unlikely, given our earlier inability to isolate a virus in which the I3 locus has been deleted (42); generation of an I3-expressing cell line that might support the replication of a ⌬I3 virus would be another possible approach to test the essentiality of I3. As a complement to the dot blot hybridization assay used to assess the levels of DNA synthesis (Fig. 6C ) (14) , PFGE analysis (Fig. 6E) verified that depletion of I3 caused a diminution in the levels of mature, monomeric genome that accumulated during infection. This diminution was not accompanied by a concomitant increase in unresolved genomes or subgenomic fragments. These data suggest that replication is slow and/or inefficient when I3 levels are low.
In sum, the cell biological, genetic, and biochemical data presented in this study expand our understanding of the vaccinia virus-encoded I3 single-stranded DNA-binding protein. The evaluation of 10 mutant alleles of I3 in vitro and in vivo and the assessment of siRNA-mediated depletion of I3 in vivo provided the first substantive genetic analysis of the contribution of I3 to viral replication. These data confirm that the ability of I3 to multimerize is associated with its ability to support viral replication in vivo and identify a region of the protein whose perturbation impairs multimerization. Further evaluation of the interaction of I3 with other proteins involved in DNA metabolism, a more thorough evaluation of the mechanism by which I3 interacts with ssDNA, and an assessment of how I3 is regulated by posttranslational modification will be areas of interest for future study.
